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Abstract:

Raman scattering activities and Raman-active frequencies are reported for the
minimum energy structure of azafullerene C4gN1, a the B3LY P/6-31G* level of theory.
Analysis of the vibrationa spectrum shows that the most intense IR and Raman bands are
those associated with C-C vibrations, and that strong IR and Raman C-N vibrations occur
below 1400 cm™. Together with the recently reported infrared, optical absorption and x-

ray spectroscopies, a complete identification of this cluster should now be feasible.



New exciting developments in fullerene doping have attracted much interest due
to expectation for novel electronic, optical, and magnetic properties. [1] CsgN12is one of
several recently synthesized molecular systemsin which the carbon atomsin the Cg cage
are replaced either by nitrogen or boron counterparts. [2-5] Compared to Cgo, C4sN12
shows an enhancement of its second hyperpolarizibility by about 55%, making it a good
candidate for optical limiting applications. [6] CssN12 could be used to build diamagnetic
materials due to its enhanced diamagnetic shielding factor in the carbon atom. [7] Also,
electron acceptor C4gB12 and donor C4gN1, have been shown to be promising components
for molecular rectifiers, carbon nanotube-based n-p-n (p-n-p) transistors and p-n
junctions. [8, 9] Moreover, cross-linked nano-onions with CygNy» at the core [5] showed
that the material is highly elastic yet exhibits an appreciable resilience, properties that
render the nanostructured material ideal for wear-protective applications.

Several computational studies concerning the structure and spectroscopy of this
intriguing cluster has since been reported. It was shown [10] that the global molecular
structure of C4gN1, consists of extended aromatic rings of carbon (atotal of eight), and in
which the nitrogen atoms were distributed as one atom in each of the twelve pentagons
(figure 1). This conformation in the buckyball, having Ss symmetry, allows each
nitrogen atom to be separated from its neighboring nitrogen atom by at |east one carbon
atom, thus minimizing N-N repulsion. The overall stability of the cluster is enhanced
over other isomers[11, 12] from added resonance energy contributions, while precluding
aweaker nitrogen-nitrogen link. Consequently, several studies have determined the
vibrational [12], magnetic [13], electronic and optical properties [14-16] of the ground

state structure. Further computational studies on the condensed fcc electronic structure



[17], nuclear spin statistics [18], and group theoretical analysis of vibrational modes and
rovibronic levels [19] of this molecule have also appeared more recently.

To complete the full spectroscopic characterization of the CygNi» cluster, in this
brief letter | report the Raman spectrum as calculated using the B3LY P/6-31G* method.
[20, 21] It was shown [22] that thislevel of theory provides accurate Raman activities
and frequencies when compared with experimental results of Cg. Together with the
previously noted studies, e.g., infrared (IR) [12, 17] and electronic spectroscopy [14-16],
an unambiguous experimental identification of C4gN12 should now be possible.

Structurally, the Ss optimized structure of C4gN1» shows the existence of one
purely C-C double bond (sp? hybridization, asin graphite) and one C-C single bond (sp®
hybridization, asin diamond), 1.363 A and 1.443 A, respectively. This should be
contrasted with the two bonds of the icosahedral Cgo, 1.40 and 1.45 A. [23] The
delocalization of electronic cloudsin the hexagonal ring of C4gN12 is demonstrated by
similar C-C bond length in the 1.403 — 1.424 A range at the B3LYP level. Two different
types of nitrogen atoms are present, differing by the C-N bond length 1.443 and 1.424 A.

Within the Ss group, the vibrational modes of transformsasI”, =29 (Ag+ Ay + Eg
+ Ey). [19] Theu modes are IR active while the g modes are Raman active. Tablel lists
the calculated Raman active frequencies of the optimized minimum energy structure of
CusN12. Of thetotal 174 independent normal vibrations of this cluster, there are 58
vibrational modes that are Raman active. These modes are in turn classified into 29
doubly degenerate (E4 character) and 29 non-degenerate modes (Aq character). A similar
classification of the IR active modes of A, and E, character has also been established.

[17, 19]



Figure 2 displays the calculated Raman scattering activities at the corresponding
frequencies. The spectrum separates into two regions: the low frequency region (200-900
cm™), and the high-frequency region (1100-1700 cm™). Xie and co-workers have also
determined a similar Raman spectrum feature of alow-lying isomer of CsgN1» (also of Sg
symmetry) at the same level of theory. [22] It isnoted that the most intense modesin
figure 2 are the non-degenerate Ay modes appearing at frequencies 494, 1170, 1242,
1389, 1531, 1613, and 1688 cm™, with corresponding Raman activities of 75, 113, 85,
201, 186, 157, and 107 A*am.u, respectively. All of the doubly degenerate modes
exhibit low activities, around 20 A*/am.u, with the exception of one mode appearing at
frequency 1606 cm™ and showing a strong activity of 79 A*am.u. Therefore, the most
intense bands in both the low frequency region and the high frequency region are the
non-degenerate Ay modes. These two modes, located at 494 and 1389 cm™, are almost
the same as those of the strongest Ay modes of Cgo, Which have been appear at 490 and

1500 cm™ as calculated at the B3LY P/3-21G level of theory. [22]

Figure 3 shows the vibrations associated with the most intense Ay and Eg modes
of C4gN12. Both modes are dominantly associated with carbon-carbon vibrations at the
fusion of hexagons and pentagons of fullerene cage. Earlier, the most intense IR active
mode appearing at 1669 cm™ was identified to correspond mainly with a C-C asymmetric
stretch for the carbon atoms along the equator, one of which is separating a pair of
nitrogen atoms. [17] Detailed examination of Raman-active vibrational modes reveals
that most intense C-N vibration is the low-frequency, Eg mode at 494 cm™. In contrast,
we have found that the second strongest IR band, associated with the frequency 1309 cm

! was identified to correspond to a C-N symmetric stretch. [17] From the IR and Raman



spectra of this culster, we conclude that (i) the most intense IR and Raman bands are
those associated with C-C vibrations, and (ii) strong IR and Raman C-N vibrations occur

below 1400 cm™.
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Figures Caption:

Figure 1. The Sg symmetry molecular structure of CsgN12. N indicates the positions of
nitrogen atoms.

Figure 2. Raman scattering activities (in A%am.u) of C4N1.. Solid circles are the actual
data, while the lineis afit to guide the eye.

Figure 3. The most intense Raman - active modes with frequencies 1389 cm™ (Ag) and

1606 cm™ (Eg). Vectors represent the normal modes.



Tablel. Frequencies (in cm™) of Raman active modes of CagN1o.

Non-degener ate modes

Doubly degenerate modes

269, 379, 425, 455, 483, 494, 552, 570,
582, 602, 663, 692, 716, 766, 819, 843,
1081, 1097, 1170, 1242, 1262, 1327,
1389, 1401, 1448, 1468, 1531, 1613,
1688

251, 162, 362, 397, 443, 505, 557, 583,
622, 653, 687, 720, 762, 777, 836, 847,
1061, 1134, 1162, 1202, 1286, 1337,
1361, 1394, 1414, 1454, 1590, 1606,
1665
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1389 cm™, 201 AYam.u

Ag

1606 cm™*, 79 A%am.u

Eq:

Manaa: Figure 3
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